Abstract: Red and blue color purities and transmittances of transmissive display by MEMS (micro electro mechanical system) etalon (Fabry-Perot interferometer) have been greatly improved by changing reflecting electrode materials. 22% and 63% relative color purity deviation (CPD) reduction, and 27% and 255% transmittance improvement were achieved on red and blue pixels, respectively. The definition of relative CPD also provided a simple and fast way to judge two colors' purities from a target point on CIE 1931 Chromaticity Diagram without measurement of their luminance.
Introduction
Although etalon (Fabry-Perot interferometer) had been commercially realized and is widely used in optical devices, its application on color display did not yet find many applications. Recently, both transmissive [1] and reflective [2] micro electro mechanical system (MEMS) display devices have been published by taking advantage of its tunable interferometer cavity. Besides the least requirement for the reconstruction of full color from red, green, and blues pixels; other practical function such as flexibility [3, 4] by roll-to-roll printing techniques [5, 6] , also attracted research interests. However, good color purities and high transmittance are difficult to be improved on transmissive etalon design owing to electrode material's natural limitation of its optical properties [4] . To improve color purities for full color display application is then one of the most important tasks before it can be commercially realized and applied.
In this work, we reviewed electrode material's optical properties and redesigned electrode and optical cavity for higher color purity and higher transmittance. Relative color purity deviation (CPD) in arbitrary unit (a. u.) was also defined directly from the coordinates' difference on CIE 1931 Chromaticity Diagram to assist the evaluation of color purity improvement.
Concept and definition
Fabry-Perot interference cavity (isolation layer, SiO 2 ) was designed in a multilayer structure as shown in Fig. 1 (a) .
Under its OFF state, this multilayer structure does not meet the requirement for Fabry-Perot interference condition and the output light will be only influenced by two metal layers as grayish color. When electronic charges are supplied to both electrodes, Coulomb electrostatic force will pull the upper layer in contact with lower layer and the 6-layer (including air gap) structure becomes a 5-layer (without air gap) structure which satisfies Fabry-Perot interference condition. In such case, the output color will be controllable by adjusting either each layer's thickness or their optical characteristics of index of refraction (n).
Taii et al. proposed and demonstrated the original MEMS Fabry-Perot display device concept by using 12 nm aluminum (Al) as electrodes for both upper and lower layer [3] . Although Al provides High-Low-High-Low layer stacking from index of refraction (n) point of view for color filtering process, its high extinction coefficient (k) value limits the output intensity and results in a comparatively low transmittance.
In contrary to straightforward thinking for high transmittance conductive electrode materials, ITO (Indium-Tin-Oxide) or ZnO (zinc oxide), which are widely used in optoelectronic devices as transparent electrodes and provides expected low k values, do not satisfy the requirement of Fabry-Perot interference condition because there is no sufficient reflection inside the etalon cavity. Furthermore, from the simulation, another commonly used electrode material -copper (Cu) -was also found inadequate owing to its low transmit-tance in green region. We then marked color purity targets and simulation results on CIE 1931 Chromaticity Diagram (RGB Trichromatic System) for comparison as shown in Fig. 1 (b) . By setting our color purity target points and comparing their direct distance on the (x, y) axis based chromaticity diagram, we defined relative color purity deviation (CPD) between simulated or experimental data point and target point as:
where x T is the target x-axis coordinate, y T is the target y-axis coordinate, x SE is the simulated or experimental x-axis coordinate, and y SE is the simulated or experimental y-axis coordinate. The ideal value for CPD is zero. Smallest value of relative CPD and the largest transmittance were the main judge factors for color improvement. From Table I , gold (Au), copper (Cu), and silver (Ag) suggest better relative CPD solutions than aluminum (Al) does for red, green, and blue, respectively.
The definition of relative CPD provides a simpler and faster way of evaluating color purity than absolute colorimetric purity defined with luminance [7] . 
Fabrication
A 1 mm-thick glass was used as lower layer's substrate. 40 nm Au and 20 nm Ag was sputtered (Anelva E-200S) onto lower substrates for red and blue pixels, respectively. After the sputter process for electrode, SiO 2 was then sputtered (Anelva SPF-430HS) onto lower electrode with thickness of 360 nm for red pixel and 245 nm for blue pixel as isolation layer for electrostatic movement. Spacer layer was prepared with 600 nm photoresist by photolithography process. A 16 µm-thick polyethylene naphthelate (PEN) was used for upper layer's substrate and corresponding metal layer was also sputtered (Anelva E-200S).
After preparation of both lower and upper layers, lamination process of two layers was performed on 110 • C hot plate with assistance of a 300 g weight for 5 min over the whole structure.
Measurement
A power supplier was used to supply charges to both electrodes and color change was observed under 50 V. Transmittance was measured by spectrophotometer (Varian Cary 5000) and color purity was measured by multimedia color tester (Yokogawa 3298F) with white backlight.
Red pixel (done with Au) simulated and experimental results were superimposed over Fig. 1 (b) . Compared to previous work [3] , the results clearly indicated transmittance suppression in blue region for red samples. As simulation indicated, a superimposition transmittance of green (526.3 nm) exists and the root cause of impure red from a major blue (444.4 nm) was suppressed to a minor green. As a result, red color purity was improved by Au with smallest CPD among proposed materials in Table I . Smaller k value of Au also provided a higher transmittance than Al sample did even though the electrode thickness was about three times thicker. The increment of transmittance was 50% with simulation result and 27% with experimental result as shown in Fig. 2 (a).   Fig. 2 . Simulated, experimental, and previous work transmittance comparison for (a) red and (b) blue pixel. This work's red and blue data was done with Au and Ag, respectively.
Blue pixel (done with Ag) simulated and experimental results were also superimposed over Fig. 1 (b) . As what was predicted in Table I , the color purity was also improved with smaller CPD. Furthermore, as implied from its optical characteristics, the smaller k value in blue region of Ag raised the transmittance by 78% with simulation result and 255% with experimental result.
We believe the slight color purity difference between simulated (solid circle) and experimental (hollow circle) results in Fig. 1 (b) came from impurity parts inside display area caused by imperfect contact of two layers by sur-face roughness and is believed to be solvable by applying higher operation voltage [4] .
Summary
In this work, we proposed and realized purer red and blue color for transmissive display by MEMS etalon by changing the electrode's metals from Al to Au and Al to Ag, respectively. New electrode metal layers were still designed semi-transparent in order to satisfy Fabry-Perot interference condition and transmittance. With small adjustment of thickness of insulating SiO 2 , output colors were closer to the applicable targets. With the help of definition of relative color purity deviation (CPD) from CIE 1931 Chromaticity Diagram, we quantified the improvement: CPD was improved from 0.29 to 0.19 (22%) for red and from 0.14 to 0.09 (63%) for blue.
Slight difference between simulated data and experimental results are believed to be caused by surface roughness of substrates. Without changing layer stack or structure, the simplicity of improvement solution for color purity will simplify the improvement difficulty with low risk and will expedite the realization of commercial transmissive display products by MEMS etalon.
With the natural merit of optical properties of selected metals, pixels' transmittances were also greatly improved 27% and 255% for red and blue pixels, respectively. Further reduction on k value of electrode material was also proved ineligible for Fabry-Perot interference condition owing to the loss of reflectivity.
We concluded that a full color transmissive display by MEMS etalon composed of three primary (red, green, and blue) colors with correspondent metals will have better color purity and transmittance than by using a universal metal material.
